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HIGHLIGHTS 


•  Imidazolium-functionalized  poly( ether  ether  ketone)  was  successfully  synthesized. 

•  PEEK-ImOH  HEMs  exhibit  improved  dimensional  stability. 

•  PEEK-ImOH  HEMs  exhibit  high  hydroxide  conductivity  (e.g.,  52  mS  cm  1  at  20  °C). 

•  PEEK-ImOH  HEMs  exhibit  good  mechanical  property  (e.g.,  78  MPa  of  tensile  strength). 

•  The  methanol/02  fuel  cell  employing  PEEK-ImOH  shows  high  performance. 
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A  series  of  imidazolium-functionalized  poly( ether  ether  ketone)s  (PEEK-ImOHs)  were  successfully  syn¬ 
thesized  by  a  two-step  chloromethylation-Menshutkin  reaction  followed  by  hydroxide  exchange.  PEEK- 
ImOH  membranes  with  ion  exchange  capacity  (IEC)  ranging  from  1.56  to  2.24  mmol  g-1  were  prepared 
by  solution  casting.  PEEK-ImOHs  show  selective  solubility  in  aqueous  solutions  of  acetone  and  tetra- 
hydrofuran,  but  are  insoluble  in  lower  alcohols.  PEEK-ImOH  membranes  with  IEC  of  2.03  mmol  g-1  have 
high  hydroxide  conductivity  (52  mS  cm-1  at  20  °C),  acceptable  water  swelling  ratio  (51%  at  60  °C),  and 
great  tensile  strength  (78  MPa),  and  surprising  flexibility  (elongation-to-break  of  168%),  and  high  ther¬ 
mal  stability  (Decomposition  temperature:  193  °C).  In  addition,  PEEK-ImOH  membranes  show  low 
methanol  permeability  (1.3— 6.9  x  10-7  cm2  s_1).  PEEK-ImOH  membrane  was  tested  in  methanol/02  fuel 
cell  as  both  the  HEM  and  the  ionomer  impregnated  into  the  catalyst  layer;  the  open  circuit  voltage  is 
0.84  V  and  the  peak  power  density  is  31  mW  cm-2. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Low-temperature  direct  methanol  fuel  cells  (DMFCs)  are  pro¬ 
posed  as  alternative  power  sources  for  portable  applications  [1], 
Methanol  is  easily  handled,  has  high  energy  density,  and  is  widely 
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availability.  Most  DMFCs  have  been  based  on  proton  exchange 
membranes  (PEMs)  [2-4].  However,  PEM  based  DMFCs  show 
sluggish  electrode  kinetics,  substantial  alcohol  crossover  and 
require  high  weight  loading  of  precious  metal  catalysts  which  have 
hampered  commercialization  [5-7].  By  switching  the  electrolyte 
from  the  acid  to  base,  the  electrode  kinetics  of  low-temperature 
DMFC  can  be  significantly  enhanced  [8-10].  Further,  low-cost 
non-precious  metals  can  be  used  as  active  catalysts  (e.g.  silver, 
nickel,  and  tin)  [11—14];  these  catalysts  are  also  more  durable  [15— 
17].  The  methanol  crossover  can  be  substantially  reduced  because 
hydroxide  (OH  )  conduction  opposes  the  methanol  diffusion  [8]. 

Hydroxide  exchange  membranes  (HEMs)  are  the  key  components 
of  low-temperature  alkaline  membrane  DMFC  (AMDMFC).  HEMs 
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serve  as  fuel/oxidant  separators  and  hydroxide  conductors  [18,19]. 
High  hydroxide  conductivity,  alcohol  tolerance,  and  dimensional 
stability  are  critically  required  for  high-performance  HEMs  in  low- 
temperature  AMDAMCs.  Selective  solubility  is  also  required  for 
HEM  materials;  they  should  be  insoluble  in  alcohols  but  they  should 
be  soluble  in  low-boiling-point  solvents  that  allow  them  to  be  cast  as 
membranes  and  incorporated  into  catalyst  layers,  building  efficient 
triple-phase-boundary  necessary  for  high  electrode  performance. 

Hydroxide  conducting  functional  groups  are  responsible  for  the 
fundamental  properties  of  HEMs,  including  solubility,  conductivity, 
and  stability  [15,20].  Novel  functional  groups,  e.g.,  quaternary 
phosphonium  [15,21-23],  guanidinium  [24-27],  and  imidazolium 
[28— 43  ,  have  been  introduced  to  HEM  materials  to  improve  the 
solubility,  conductivity,  and/or  stability.  All  three  novel  functional 
groups  form  polymer  that  are  soluble  in  low-boiling-point  solvents, 
facilitating  processing  to  make  membranes  or  incorporation  into 
the  catalyst  layer.  The  imidazolium  based  HEM  materials  are  unique 
in  that  they  are  insoluble  in  alcohols  and  their  aqueous  solutions. 
This  desirable  selective  solubility  makes  the  imidazolium  func¬ 
tional  group  a  great  choice  of  developing  high-performance  HEMs 
for  low-temperature  AMDMFC. 

The  polymer  matrix  provide  many  other  important  HEM  prop¬ 
erties,  including  but  not  limited  to  dimensional  stability,  thermal 
stability,  and  mechanical  property.  Initially,  aliphatic  main-chain 
polymers  (e.g.,  polyvinyl  alcohol  [29],  poly( styrene-acrylonitrile— 
ethylene)  [30],  polyethylene  methyl  methacrylate)  [31,34  ,  and 
polystyrene  [32,37])  were  used  to  prepare  imidazolium- 
functionalized  HEMs.  Subsequently  aromatic  main-chain  polymers 
(e.g.,  polysulfone  28,33],  bromomethylated  poly(2,6-dimethyl-l,4- 
phenyleneoxide)  [35],  polyfluorene  [39],  and  fluorinated  poly(aryl 
ether  oxadiazole)s  [36])  were  used.  Among  all  the  imidazolium- 
functionalized  HEMs,  imidazolium-functionalized  polysulfone 
membranes  show  the  highest  hydroxide  conductivity  (53  mS  cm-1 
at  20  °C)  [28],  arising  from  its  high  ion  exchange  capacity 
(2.19  mmol  g-1).  However,  its  dimensional  stability  and  mechanical 
strength  need  improvement  especially  at  elevated  temperatures. 

Enhancing  the  van  der  Waals  interactions  among  polymer 
chains  could  improve  dimensional  stability  [23].  Poly(ether  ether 
ketone)  (PEEK)  has  higher  van  der  Waals  interactions  among 
polymer  chains  than  PSf  does.  PEEK  should  be  a  good  matrix  to 
prepare  an  imidazolium-functionalized  membrane  with  high  con¬ 
ductivity,  excellent  alcohol  tolerance,  and  good  swelling  resistance 
simultaneously.  In  this  work,  a  series  of  imidazolium- 
functionalized  PEEKs  (PEEK-ImOHs)  were  synthesized  through 
the  simple  and  efficient  Menshutkin  reaction.  Their  properties  of 
water  uptake,  dimensional  stability,  hydroxide  conductivity,  ther¬ 
mal  stability,  mechanical  property,  and  methanol  permeability 
were  comprehensively  investigated.  Methanol/02  fuel  cells 
employing  imidazolium-functionalized  polymer  as  both  the  HEM 
and  the  electrode  ionomer  were  tested. 

2.  Experimental 

2.1.  Materials 

Poly(ether  ether  ketone)  (VESTAKEEP®  4000G)  powder  was 
provided  by  Evonik  Degussa  (China)  Co.  Ltd.  Chloromethyl  octy- 
lether  (CMOE)  was  synthesized  according  to  the  method  published 
in  the  Ref.  [44].  Potassium  hydroxide,  H2S04  (92.8%),  methanol, 
ethanol,  acetone,  tetrahydrofuran  (THF),  and  1-methylimidazole 
(1-MIM)  were  obtained  commercially  and  used  as  received 
without  further  purification.  All  the  chemicals  used  were  analytical 
purity  grade.  In  order  to  reduce  the  effect  of  C02  on  the  membrane 
characterization,  the  deionized  water  was  boiled  to  completely 
remove  C02  prior  to  use. 


2.2.  Preparation  of  imidazolium  hydroxide  functionalized-PEEK 
(PEEK-ImOH)  membranes 

Imidazolium  chloride-functionalized  PEEK  (PEEK-ImCl)  was 
synthesized  by  the  Menshutkin  reaction  between  chloromethy- 
lated  PEEK  (CMPEEK)  and  1-methylimidazole.  CMPEEK  was  syn¬ 
thesized  by  the  chloromethylation  of  PEEK  using  CMOE  as 
chloromethylating  agent  and  concentrated  sulfuric  acid  as  solvent, 
as  described  in  our  previous  work  [45].  Then  0.25  g  CMPEEK  was 
completely  dissolved  in  3  ml  1-methylimidazole  at  room  temper¬ 
ature,  followed  by  casting  the  solution  onto  a  glass  plate.  During 
curing  and  drying  of  the  cast  film  at  80  °C  for  48  h,  the  CMPEEK 
reacted  with  1-methylimidazole  to  form  the  imidazolium  chloride- 
functionalized  PEEK  (PEEK-ImCl).  The  membrane  was  peeled  off 
the  glass  plate  when  all  the  unreacted  1  -methylimidazole  solvent 
was  evaporated.  The  PEEK-ImCl  membrane  was  ion  exchanged 
with  1  M  KOH  solution  at  room  temperature  for  48  h  producing  an 
imidazolium  hydroxide-functionalized  PEEK  (PEEK-ImOH)  mem¬ 
brane.  The  hydroxide  exchanged  membrane  was  immersed  in 
deionized  water  in  a  sealed  container  for  additional  48  h  to 
completely  remove  the  residual  KOH.  The  synthetic  and  ion¬ 
exchanging  processes  are  summarized  in  Fig.  1. 

2.3.  JHNMR 

1 H  NMR  spectroscopy  confirmed  the  synthesis  of  both  CMPEEK 
and  PEEK-ImCl;  it  was  also  used  to  determine  the  degree  of 
chloromethylation  (DC)  of  CMPEEK  precursor.  NMR  spectra  of  1- 
MIM,  CMPEEK,  and  PEEK-ImCl  were  recorded  on  a  Varian  Unity 
Inova  400  spectrometer  at  a  resonance  frequency  of  399.73  MHz. 
Circa  1  wt.  %  solutions  of  1-MIM,  CMPEEK,  or  PEEK-ImCl  were 
prepared  by  dissolving  them  into  DMSO-d6.  Tetramethylsilane 
(TMS)  was  used  as  an  internal  standard  in  all  cases.  The  degree  of 
chloromethylation  (DC)  of  CMPEEKs  was  calculated  from  the  NMR 
peak  areas:  DC  =  2A(Hd)/A(Hc),  where  A(Hd)  and  A(HC)  are  the  in¬ 
tegral  area  of  the  Hd  peak  and  Hc  peak  in  Fig.  2,  respectively,  as 
defined  in  our  previous  work  [45]. 

2.4.  Ion  exchange  capacity  (IEC) 

The  IEC  of  the  PEEK-ImOH  membrane  was  measured  by  back 
titration.  0.2  g  PEEK-ImOH  membrane  sample  was  equilibrated 
with  50  ml  0.01  M  HC1  standard  solution  for  24  h,  followed  by  back 
titration  of  0.01  M  NaOH  standard  solution  with  phenolphthalein  as 
the  indicator.  The  measured  IEC  (IECm)  of  the  PEEK-ImOH  mem¬ 
brane  was  calculated  by  the  following  equation: 

IECm  =  (Vb  ~  Ks)  Chc1  x  1000 

Wdvy 

where  Vb  and  Vs  are  the  consumed  volumes  (L)  of  the  NaOH  solu¬ 
tion  for  the  blank  sample  and  the  PEEK-ImOH  membrane  sample, 
respectively,  Chci  is  the  concentration  (M)  of  HC1  solution,  and  Wdry 
is  the  mass  (g)  of  dry  membrane  sample. 

2.5.  Water  uptake  and  swelling  ratio 

After  ion  exchange  the  PEEK-ImOH  membrane  was  immersed 
into  deionized  water  for  more  than  10  h.  The  weight  and  dimension 
(length  and  width)  of  the  wet  membrane  were  measured.  Then  the 
membrane  was  vacuum-dried  at  50  °C  for  12  h,  and  the  weight  and 
dimension  of  dry  membrane  were  measured.  The  water  uptake  and 
swelling  ratio  were  calculated  by  the  two  following  equations, 
respectively: 
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Fig.  2.  1H  NMR  spectra  of  1-MIM,  CMPEEK  (80%),  and  PEEK-lmCI  (80%)  (DMSO-d6  as 
solvent). 


2.7.  Hydroxide  conductivity 


CH3 


PEEK-lmOH 


Fig.  1.  Synthesis  of  the  PEEK-lmOH. 


In-plane  conductivity  of  the  PEEK-lmOH  membranes  was 
measured  by  a  typical  four-electrode  AC  impedance  method  with 
membranes  completely  immersed  in  deionized  water.  The  mea¬ 
surement  apparatus  consists  of  two  platinum  foils  as  the  current 
carriers  and  two  platinum  wires  as  the  potential  sensors.  Through 
plane  conductivity  was  measured  for  membranes  in  saturated 
water  vapor  (100%  RH  in  nitrogen  gas).  An  Ivium  Technologies 
Impedance  Analyzer  was  used  to  measure  AC  impedance  from  1  to 
106  Hz.  Prior  to  the  gas  phase  measurements,  all  the  membranes 
were  fully  hydrated  in  deionized  water  for  24  h.  The  hydroxide 
conductivity,  cr,  of  the  membrane  was  calculated  through  the 
following  equation: 


Water  uptake(%)  =  Wwe.t./  W(lry  x  100 

Wdry 


L 

~  WdR 


Swelling  ratio(%)  =  — —  x  100 

dry 


where  L  is  the  distance  between  the  two  potential  electrodes  (1  cm 
here),  d  and  W  are  the  thickness  and  width  of  the  membrane 
sample,  respectively,  and  R  is  the  high  frequency  resistance. 


where  Wwet  and  Wdry  are  the  mass  of  wet  and  dry  membrane 
samples,  respectively,  /wet  and  /dry  are  the  average  length 
[/wet  =  (/weti  ■ /wet2)^2>  /dry  =  (/dryi  ■ /dry2)^2]  of  wet  and  dry  mem¬ 
brane  samples,  respectively,  in  which,  /weti,  /wet 2  and  /dryi.  /dry2  are 
the  lengths  and  widths  of  wet  and  dry  membrane  samples, 
respectively. 

2.6.  Small-angle  X-ray  scattering  (SAXS) 

SAXS  analysis  of  the  membrane  samples  was  carried  out  by 
using  PANalytical  X’Pert  Powder  X-ray  diffraction  system.  The  in¬ 
tensity  of  the  X-ray  scattering  was  plotted  versus  the  scattering 
vector,  q,  defined  as  4rusin  6 /A,  where  A  is  the  X-ray  wavelength  of 
0.154  nm. 


2.8.  Mechanical  property 

The  tensile  modulus  and  strain  at  break  of  the  dry  and  hydrated 
membranes  were  obtained  with  a  SANS  mechanical  analyzer  in  an 
air  atmosphere  at  room  temperature  with  the  cross-head  speed  of 
5  mm  min-1.  Dumbbell-shaped  membrane  samples  were  tailored 
following  the  international  standard  ISO  527. 

2.9.  Thermogravimetric  analysis  (TGA) 

ATGA  analyzer  (Mettler  Toledo  TGA/SDTA851e)  was  used  to  test 
the  thermal  stability  of  the  PEEK-lmOH.  About  10  mg  sample  was 
heated  from  100  to  700  °C  at  a  heating  rate  of  10  °C  min-1  under  an 
air  atmosphere  (air  flow  rate:  80  mL  min-1).  The  samples  were 
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dried  for  24  h  at  50  °C  in  vacuum  to  remove  moisture  prior  to  the 
test.  Derivative  thermogravimetry  (DTG)  curve  is  the  first  order 
differential  of  the  TGA  curve  on  temperature. 

2.10.  Methanol  permeability 

Membrane  methanol  permeability  was  determined  from  tran¬ 
sient  transport.  A  membrane,  effective  area  2.27  cm2,  was  clamped 
between  two  stirred  cells  (A,  B).  Cell  A  ( VX  =  20  ml)  was  filled  with  a 
solution  of  methanol  (1  M)  and  1 -butanol  (0.02  M)  in  deionized 
water.  Cell  B  (Vb  =  20  ml)  was  filled  with  a  1 -butanol  (0.02  M) 
solution  in  deionized  water.  The  butanol  served  as  an  internal 
standard  for  gas  chromatographic  analysis.  The  concentration  of 
methanol  in  cell  B  was  measured  as  a  function  of  time  by  with¬ 
drawing  3  pi  samples  for  analysis  by  a  Shimadzu  GC-14B  gas 
chromatograph.  Methanol  permeability  P  was  determined  from 
taking  the  slope  of  the  line  of  Cb  vs.  time,  t. 

CB(t)  =  ~CA(t~t0) 

Vb  is  the  volume  of  cell  B  (L),  A  and  L  are  the  area  (cm2)  and 
thickness  (cm)  of  the  membrane  sample,  respectively,  P  (cm2  s— 1 )  is 
the  methanol  permeability,  CB{t)  is  the  concentration  in  compart¬ 
ment  B  at  time  t,  Ca  is  the  concentration  in  compartment  A  and  to  is 
the  relaxation  time  for  methanol  to  absorb  into  the  membrane. 

2.11.  Fuel  cell  test 

Catalyst  coated  membranes  were  prepared  with  catalyst  ink 
consisting  of  40  mg  platinum  black  (E-TEK),  8  mg  PEEK-ImOH  80% 
(0.5  g  5  wt.%  PEEK-ImOH  solution  in  50  vol./50  vol.  acetone-wa¬ 
ter),  1  g  DI  water,  and  1  g  acetone.  Catalyst  ink  for  Nation  212 
MEAs  was  prepared  by  mixing  the  40  mg  platinum  black  (E-TEK), 
8  mg  Nation  (0.5  g  5  wt.%  Nation  solution  in  50  vol./50  vol.  n- 
propanol-water),  1  g  DI  water,  and  1  g  n- propanol.  The  catalyst 
inks  were  sonicated  at  room  temperature  for  10  min  before  use. 
The  electrodes  (both  anode  and  cathode)  were  prepared  by 
spraying  the  catalyst  ink  onto  the  membranes  to  the  desired  Pt 
loading  of  0.5  mg  Pt  cm-2.  Carbon  cloth  gas  diffusion  layers  (E- 
TEK)  were  used  at  both  the  anode  and  cathode  sides.  The  mem¬ 
branes  electrode  assembly  (MEA)  has  1  cm2  active  area.  The  MEA 
was  assembled  in  a  single  cell  fixture  for  the  fuel  cell  tests.  I—V 
polarization  curves  were  obtained  at  room  temperature  with 
anode  feed  of  10  mL  min-1  2  M  methanol  solution  and  cathode 
feed  of  20  mL  min-1  pure  O2. 

3.  Result  and  discussion 

3.1.  2H  NMR  confirmation 

2H  NMR  spectra  of  1 -methylimidazole,  CMPEEK,  and  PEEK-ImCl 
are  shown  in  Fig.  2. 1  -methylimidazole  spectrum  shows  four  proton 
signals:  3.63  ppm  (methyl,  Ha),  6.88  and  7.09  ppm  (ethylene  in 
imidazole  ring,  Hb  and  Hc),  and  7.56  ppm  (methylene  in  imidazole 
ring,  Hd).  The  CMPEEK  spectrum  has  a  single-peak  at  4.72  ppm 
(methylene  in  chloromethyl  group,  He)  and  one  group  of  peaks  at 
7.15-7.81  ppm  from  the  aromatic  rings.  Detailed  attributions  were 
reported  in  our  previous  work  [45].  After  the  Menshutkin  reaction 
between  CMPEEK  and  1 -methylimidazole,  the  proton  signal  of 
methylene  in  imidazole  ring  shifted  from  7.56  ppm  (Hd)  to 
9.28  ppm  (Hd')-  Formation  of  imidazolium  considerably  increases 
the  acidity  of  its  methylene  protons,  downshifting  their  signal 
significantly.  The  formation  of  imidazolium  also  shifted  the  proton 
signal  of  the  methyl  substituent  slightly  change  from  3.63  ppm  in  1  - 


methylimidazole  (Ha)  to  3.78  ppm  in  imidazolium  group  (Ha').  At 
the  same  time,  the  proton  signal  of  methylene  shifted  from 
4.72  ppm  (He)  in  CMPEEK  to  5.48  ppm  (He')  in  PEEK-ImCl.  The  NMR 
signature  confirmed  that  PEEK-ImCl  had  been  successfully  syn¬ 
thesized,  and  that  all  of  the  chloromethyl  groups  in  CMPEEKs  had 
been  converted  to  the  imidazolium  groups.  These  results  are 
consistent  with  high  reactivity  for  the  Menshutkin  reaction  be¬ 
tween  1 -methylimidazole  molecule  and  chloromethyl  previously 
reported  by  our  group  [28]. 

3.2.  Ion  exchange  capacity  and  solubility 

Ion  exchange  capacity  (IEC)  is  strongly  correlated  with  HEM 
properties,  such  as  water  uptake,  swelling  ratio,  hydroxide  con¬ 
ductivity,  and  methanol  permeability.  The  theoretical  maximum 
IEC  (IECt)  and  measured  IEC  (IECm)  of  PEEK-ImOH  membranes  with 
different  degrees  of  chloromethylation  (DCs)  are  listed  in  Table  1. 
IECt  was  calculated,  based  on  the  assumption  of  the  complete 
conversion  of  the  chloromethyl  group  in  CMPEEK  to  imidazolium 
hydroxide  groups:  IECt  =  1000DC/(MPEek  +  112.1  DC),  where  DC  is 
the  degree  of  chloromethylation  of  CMPEEK  and  Mpeek  is  the  mo¬ 
lecular  weight  of  PEEK  repeating  unit  (288.3  g  mor1).  For  conve¬ 
nience,  the  PEEK-ImOH  membrane  is  denoted  as  PEEK-ImOH  xx%, 
where  xx%  is  the  DC  of  CMPEEK  precursor.  As  expected,  the  IECm  of 
PEEK-ImOH  increases  remarkably  from  1.56  to  2.24  mmol  g_1  with 
DC  from  60%  to  90%.  All  of  IECms  are  slightly  lower  than,  but  over-all 
very  close  to,  the  theoretical  ones  (IECt:  from  1.69  to 
2.31  mmol  g_1). 

The  solubility  of  PEEK-ImOHs  in  four  typical  low-boiling-point 
water-soluble  solvents  and  their  aqueous  solutions  were  tested 
and  the  results  are  shown  in  Table  2.  As  expected,  similar  to  the  PSf- 
ImOHs  described  in  our  previous  work  [28],  all  the  PEEK-ImOHs  are 
insoluble  in  methanol,  ethanol,  and  their  aqueous  solutions.  PEEK- 
ImOHs  are  insoluble  in  neat  acetone  and  THF,  but  they  are  soluble 
in  aqueous  solutions  of  acetone  and  THF  (e.g.,  50  vol.%). 

3.3.  Thermal  stability 

TGA  and  DTG  curves  of  PEEK-ImOH  are  shown  in  Fig.  3.  PEEK- 
ImOH  has  two  weight  loss  steps:  The  first  step  at  Tmax  rate  =  261  °C 
has  a  20  wt.%  weight  loss.  That  mass  loss  is  approximately  the 
mass  fraction  of  1 -methylimidazole  in  PEEK-ImOH  (17.4  wt.%), 
suggested  that  the  observed  weight  loss  is  most  likely  ascribed  to 
the  removal  of  1 -methylimidazole.  Imidazole  removal  by  an  Sn2 
nucleophilic  substitution  by  OH-  at  the  methylene— carbon  links 
between  imidazolium  ring  and  polymer  benzene  ring  have  been 
reported  by  Awad  et  al.  [46]  The  second  step  at  Tmax  rate  =  604  °C 
has  a  24  wt.%  of  weight  loss  is  suggested  to  be  associated  with 
removal  of  the  residual  side  chain  (hydroxymethylene  group 
formed  after  imidazole  removal)  and  the  decomposition  of  main- 
chain.  The  high  thermal  stability  of  PEEK-ImOH,  onset  of  decom¬ 
position,  Tod:  193  °C,  is  sufficient  for  HEM  applications  (typically, 
60  °C  of  working  temperature  [47]). 


Table  1 

IEC  of  PEEK-ImOH  membranes. 


Membrane 

DC/% 

Thickness/gm 

IECt/mmol  g  1 

IECm/mmol  g  1 

PEEK-ImOH  60% 

60 

95 

1.69 

1.56 

PEEK-ImOH  68% 

68 

98 

1.87 

1.73 

PEEK-ImOH  74% 

74 

92 

1.99 

1.91 

PEEK-ImOH  80% 

80 

95 

2.12 

2.03 

PEEK-ImOH  90% 

90 

101 

2.31 

2.24 

94 
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Table  2 

Solubility  of  PEEK-ImOHs  in  low-boiling-point  solvents. 


PEEK-ImOH  membrane 

Acetone 

50  vol.%  acetone 
in  water 

THF 

50  vol.%  THF 
in  water 

Methanol 

50  vol.%  methanol 
in  water 

Ethanol 

50  vol.%  ethanol 
in  water 

Water 

PEEK-ImOH  60% 

- 

+ 

- 

+ 

- 

- 

- 

- 

- 

PEEK-ImOH  68% 

- 

+ 

- 

+ 

- 

- 

- 

- 

- 

PEEK-ImOH  74% 

- 

+ 

- 

+ 

- 

- 

- 

- 

- 

PEEK-ImOH  80% 

- 

+ 

- 

+ 

- 

- 

- 

- 

- 

PEEK-ImOH  90% 

- 

+ 

- 

+ 

- 

- 

- 

- 

- 

+:  Soluble;  — :  Insoluble. 


3.4.  Water  uptake  and  swelling  ratio 

Water  uptake  is  essential  for  hydroxide  conductivity,  methanol 
permeability,  and  it  also  affects  the  mechanical  property  of  HEMs 
[48].  Water  uptakes  of  PEEK-ImOH  membranes  at  different  tem¬ 
peratures  are  shown  in  Fig.  4.  Water  uptake  increases  with  IEC; 
water  uptake  increases  more  than  linearly  with  IEC.  Increasing 
hydroxide  substitution  from  74%  to  80%  increased  water  uptake 
from  61%  to  159%.  The  high  water  uptake  at  80%  substitution  is 
suggested  to  result  from  reduced  mechanical  strength  of  the 
polymer  matrix. 

SAXS  spectra  of  PEEK-ImOH  membranes  are  shown  in  Fig.  5.  The 
intensity  of  the  ionomer  peak  is  much  greater  for  PEEK-ImOH  80% 
membrane  than  for  PEEK-ImOH  74%  membrane  (IEC:  2.03  vs. 
1.91  mmol  g-1),  which  indicates  that  PEEK-ImOH  80%  membrane 
has  more  ordering  of  the  hydrophilic  domains  at  the  higher  IEC. 

The  swelling  ratios  of  the  PEEK-ImOH  membranes  in  water  at 
different  temperatures  are  shown  in  Fig.  6.  Similar  to  the  water 
uptake,  the  swelling  ratio  also  increases  with  increasing  both  IEC 
and  temperature.  All  the  PEEK-ImOH  membranes  are  flexible  and 
robust,  and  most  of  their  swelling  ratios  are  below  50%.  Swelling  is 
limited  by  the  balance  of  the  energy  of  solvation  of  the  ionic  groups 
and  the  energy  to  expand  the  polymer  matrix.  Higher  IEC  will 
reduce  inter-chain  interactions  of  PEEK-ImOH  membrane  reducing 
the  energy  penalty  for  membrane  swelling. 

For  all  PEEK-ImOH  membranes,  the  water  uptake  is  almost 
constant  from  20  to  50  °C  and  then  increases  abruptly  between  50 
and  60  °C.  This  behavior  has  been  previously  observed  with  proton 
exchange  membranes  [49].  The  SAXS  spectra  of  PEEK-ImOH  80% 


Fig.  3.  TGA  and  DTG  curves  of  PEEK-ImOH  80%. 


membrane  also  showed  the  intensity  of  ionomer  peak  increases 
significantly  after  swelling  at  60  °C. 

The  swelling  ratios  of  PEEK-ImOH  and  PSf-ImOH  membranes 
[28  at  60  °C  are  compared  in  Fig.  7.  At  the  same  IEC  PEEK-ImOH 
shows  lower  swelling  ratio  than  PSf-ImOH.  The  difference  in 
swelling  behavior  may  arise  from  the  inter-chain  interactions  in 
PEEK  and  PSf.  Enhanced  van  der  Waals  interaction  among  polymer 
chains  decreases  swelling  [23]. 

3.5.  Mechanical  property 

Mechanical  properties  of  fuel  cell  membranes  are  important, 
especially  for  the  fuel  cell  durability,  since  variations  in  tempera¬ 
ture  and  humidity  can  cause  cyclic  stresses  and  strains  (mechanical 
loading)  in  the  membrane  during  the  fuel  cell  operation.  The  tensile 
strength  and  elongation-to-break  of  PEEK-ImOH,  PSf-ImOH,  and  Cr- 
PVStAN-ImOH  membranes  with  the  similar  swelling  ratio  are  listed 
in  Table  3.  The  PEEK-ImOH  membrane  exhibits  better  mechanical 
property  than  PSf-ImOH.  In  the  wet  state,  PEEK-ImOH  and  PSf- 
ImOH  membranes  have  tensile  strengths  18  vs.  4  MPa  and 
elongation-to-break  167%  vs.  32%  respectively.  In  the  dry  mem¬ 
brane  state,  the  tensile  strengths  are  78  vs.  18  MPa  and  elongation- 
to-break  168%  vs.  167%  of  elongation-to-break.  The  mechanical 
properties  of  PEEK-ImOH  membrane  are  also  better  than  that  of  Cr- 
PVStAN-ImOH  crosslinked  membrane  (11  MPa  of  tensile  strength 
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Fig.  5.  SAXS  spectra  of  PEEK-ImOH  membranes. 
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Fig.  7.  Swelling  ratio  (60  °C)  of  PEEK-ImOH  and  PSf-lmOH  membranes. 


and  136%  of  elongation-to-break),  in  spite  of  the  crosslinking 
techniques  used. 

3.6.  Hydroxide  conductivity 

Hydroxide  conductivities  of  PEEK-ImOH  membranes  as  func¬ 
tions  of  IEC  are  shown  in  Fig.  8.  The  in-plane  and  through-plane 
hydroxide  conductivities  both  increase  remarkably  with 
increasing  IEC.  The  in-plane  conductivity  is  higher  than  the 
through-plane  conductivity.  The  possible  reason  is  that  the  water 
uptake  of  the  membrane  is  higher  in  water  than  in  nitrogen  gas 


with  RH  of  100%  (e.g.  159%  vs.  65%  for  PEEK-80%  membrane).  The 
hydroxide  conductivity  is  significantly  higher  for  PEEK-ImOH  80% 
membrane  (52  mS  cm-1)  than  for  quaternary  ammonium  func¬ 
tionalized  one  (17  mS  cm-1  for  PEEK-QAOH  76%  that  was  the  most 
conductive  PEEK-QAOH  membrane)  [45].  The  imidazolium  cation 
appears  to  be  superior  to  the  traditional  quaternary  ammonium 
cation.  The  conductivity  of  PEEK-ImOH  (52  mS  cm-1)  is  also  higher 
than  those  of  all  the  other  imidazolium-functionalized  membranes 
(10-42  mS  cirr1  28-41]).  The  excellent  properties  of  PEEK-ImOH 
membranes  suggest  that  PEEK  is  a  good  choice  for  HEM  polymer 
matrices. 

Hydroxide  conductivity  of  the  PEEK-ImOH  membrane  dramat¬ 
ically  increases  with  temperature,  as  seen  in  Fig.  9.  At  60  °C,  the 
PEEK-ImOH  80%  membrane  exhibits  a  conductivity  of  77  mS  cm-1. 
Based  on  the  Arrhenius  relationship  between  ionic  conductivity 
and  temperature,  the  apparent  activation  energies  (AEas)  of  hy¬ 
droxide  conductivity  were  calculated  to  be  11.1,  10.2  and 
8.8  kj  mol-1  for  PEEK-ImOH  60%,  PEEK-ImOH  74%  and  PEEK-ImOH 
80%  membranes,  respectively.  AEa  decreases  with  increasing  IEC. 
There  appears  to  be  an  inverse  correlation  between  water  uptake 
and  the  activation  energy  for  hydroxide  conductivity. 

3.7.  Methanol  permeability  and  methanol/02  fuel  cell  performance 

Low  methanol  permeability  is  essential  for  alcohol  fuel  cell 
membranes.  Methanol  permeabilities  of  PEEK-ImOH  membranes 
are  shown  in  Fig.  10.  Methanol  permeability  (at  20  °C)  of  PEEK- 
ImOH  membrane  increases  from  1.3  x  10  7  to  6.9  x  10-7  cm2  s-1 
with  increasing  IEC  from  1.56  to  2.03  mmol  g_1.  Even  at  the  highest 
IEC  the  methanol  permeabilities  of  PEEK-ImOH  membranes  are  1  / 
10  to  1  / 50  that  of  Nation  212  membrane  (6.5  x  10-6  cm2  s-1 )  under 
the  same  test  conditions.  Furthermore,  owing  to  the  opposing 
fluxes  of  hydroxide  and  methanol,  the  methanol  crossover  in 
practical  fuel  cells  is  expected  to  be  further  lowered. 

Polarization  curves  of  a  methanol/02  fuel  cell  with  PEEK-ImOH 
80%  are  presented  in  Fig.  11.  PEEK-ImOH  was  used  as  both  the 
membrane  and  the  ionomer  in  the  catalyst  layers.  The  open  circuit 
voltage  of  methanol/02  fuel  cell  with  PEEK-ImOH  is  0.84  V,  which  is 
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Table  3 

Mechanical  property  of  ImOH-functionalized  HEMs  with  the  similar  swelling  ratio. 


Membrane 

IEC/mmol  g  1 

Swelling  ratio/% 

Tensile  strength  and  (elongation-to-break)/MPa  and  (%) 

Wet  state  Dry  state 

Ref. 

PEEK-ImOH  80% 

2.03 

41 

18(167) 

78  (168) 

This  work 

PSf-ImOH  132% 

2.19 

41 

4(32) 

N/A 

This  work 

Cr-PVStAN-ImOH 

(crosslinked) 

N/A 

47 

11  (136) 

N/A 
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Fig.  8.  Hydroxide  conductivity  of  PEEK-ImOH  membranes  depending  on  IEC. 
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Fig.  10.  Methanol  permeability  (20  °C)  of  PEEK-ImOH  membranes  against  the  IEC. 

higher  than  that  with  Nation  212  membrane  as  well  as  other  HEMs 
(0.35-0.63  V  50-54]).  Reduced  methanol  crossover  of  PEEK-ImOH 
reduces  the  voltage  drop.  The  methanol/02  fuel  cell  with  PEEK- 
ImOH  exhibits  a  peak  power  density  of  31  mW  cm-2.  Although  it 
is  lower  than  that  with  Nation  212  membrane  (42  mW  cm-2),  it  is 


Fig.  11.  Polarization  curve  (filled  symbols)  and  power  density  curve  (empty  symbols) 
of  a  methanol/02  fuel  cell  with  PEEK-ImOH  at  room  temperature. 
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higher  than  those  with  other  HEMs  reported  (0.0076-7  mW  cm-2 
[50—54]).  The  improved  performance  of  fuel  cells  with  PEEK-ImOH 
are  attributed  to  the  high  conductivity  of  PEEK-ImOH,  and  more 
efficient  three-phase-boundary  in  the  catalyst  layer  resulting  from 
incorporating  PEEK-ImOH  as  the  ionomer  in  the  catalyst  layers. 

4.  Conclusions 

A  series  of  soluble  imidazolium-functionalized  poly(ether  ether 
ketone  )s  (PEEK-ImOHs)  were  synthesized  by  the  chlor- 
omethylation-Menshutkin  reaction  two-step  method.  PEEK- 
ImOHs  show  desirable  selective  solubility;  they  are  soluble  in 
aqueous  solutions  of  acetone  or  tetrahydrofuran,  and  insoluble  in 
aqueous  alcohols  (e.g.,  methanol  and  ethanol).  Ion  exchange  ca¬ 
pacity  (IEC)  of  PEEK-ImOH  membranes  ranges  from  1.56  to 
2.24  mmol  g-1  with  degree  of  chloromethylation  from  60%  to  90%. 
PEEK-ImOH  membranes  exhibit  high  hydroxide  conductivity,  e.g., 
PEEK-ImOH  80%  membrane  with  IEC  of  2.03  mmol  g-1  has  hy¬ 
droxide  conductivity  of  52  mS  cm-1  at  20  °C.  This  value  is  higher 
those  of  all  the  imidazolium-functionalized  HEMs  previously  re¬ 
ported  (10-42  mS  cm-1).  PEEK-ImOH  membranes  exhibit  good 
swelling  resistance  (swelling  ratio  of  <51%  even  at  60  °C).  With  the 
same  swelling  ratio,  PEEK-ImOH  80%  membranes  show  better 
mechanical  property  than  PSf-ImOH  132%  membranes  and  Cr- 
PVStAN-ImOH  membranes  (tensile  strength  of  18  vs.  4  and 
11  MPa,  and  elongation-to-break  of  167%  vs.  32%  and  136%)  in  the 
wet  state.  PEEK-ImOH  80%  membranes  exhibit  enhanced  tensile 
strength  (78  MPa)  and  good  flexibility  (elongation-to-break  of 
168%)  in  the  dry  state.  PEEK-ImOH  membrane  possesses  sufficient 
thermal  stability  for  use  in  fuel  cells  (Tom  193  °C).  In  addition, 
PEEK-ImOH  membranes  have  low  methanol  permeabilities  (1.3— 
6.9  x  10-7  cm2  s-1),  which  are  1/10-1/50  that  of  Nation  212 
membrane.  The  methanol/02  fuel  cell  employing  the  PEEK-ImOH  as 
both  the  HEM  and  the  electrode  ionomer  displays  a  high  open 
circuit  voltage  of  0.84  V  and  a  high  peak  power  density  of 
31  mW  cm-2  at  room  temperature. 
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